First Order Calculation of the Inclusive Cross Section pp — > ZZ by Graviton Exchange 

in Large Extra Dimensions 
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We calculate the inclusive cross section of double Z-boson production within large extra 
dimensions at the Large Hadron Collider (LHC). Using perturbatively quantized gravity in the 
ADD model we perform a first order calculation of the graviton mediated contribution to the 
pp — > ZZ + x cross section. At low energies (e.g. Tevatron) this additional contribution is very 
small, making it virtually unobservable, for a fundamental mass scale above 2500 GeV. At LHC 
energies however, the calculation indicates that the ZZ-production rate within the ADD model 
should differ significantly from the Standard Model if the new fundamental mass scale would be 
below 15000 GeV. A comparison with the observed production rate at the LHC might therefore 
provide direct hints on the number and structure of the extra dimensions. 



I. INTRODUCTION 

The possible existence of additional spatial dimensions 
has been a fascinating topic for theoretical physicists 
since the early ideas of Kaluza and Klein [E Q • The ex- 
planation why the additional dimensions have not been 
discovered so far can be given by the assumption that the 
additional dimensions are compactified to a very small 
radius. Usually the length scale of the compactified di- 
mensions is assumed to be of the order of the Planck scale 
Mp ~ 10 19 GeV and therefore far away from the scope 
of experimental physics. 

However there is the possibility that the additional di- 
mensions could be realized in a different way [EEL IE BE}- 
In the ADD model the assumption is that the addi- 
tional dimensions could be realized with a much larger 
compactification radius and much smaller fundamental 
scales, thus opening the possibility to observe deviations 
from the Standard Model (SM) at energies available at 
the LHC. According to the ADD model all matter fields 
of the SM live on the (3+l)-dimcnsional submanifold de- 
scribing usual space-time and only gravity can propagate 
into the extra dimensions. This model yields an explana- 
tion why gravity appears to be so weak compared to the 
other interactions existing in nature (thus circumventing 
the hierarchy problem). The ADD model goes hand in 
hand with the definition of a higher dimensional Planck 
mass Md related to the four dimensional Planck mass 
Mp by the following equation 



Mp = 87rAf^ +2 i? d 



(1) 



where d is the number of extra spatial dimensions and R 
is their size. This effective reduction 44] of the Planck 



'Electronic address: kober@th.physik.uni-frankfurt.de 



scale leads to interesting effects for the production of 
gravitons. While in usual perturbatively quantized grav- 
ity the effects of incorporating virtual gravitons can be 
neglected because they are suppressed by factors of 1 /Mp 
the situation with the ADD model is different. By in- 
troducing additional dimensions according to the ADD 
model, the production and exc hang e of gravitons can lead 
to observable effects @, EE EE EE EE M EE EE EE El, 

EE HUE HI HE Hi- 

The most prominent prediction of the ADD model is 
probably the possible production of microscopical black 
holes in upcoming collider experiments [IE HE HE HE HE 
Hs)]- As exciting the production (and subsequent evapo- 
ration) of a black hole in the laboratory might be, as a 
non-perturbative process in quantum gravity it is difficult 
to make quantitative predictions for the measurement of 
such events. The sum of these difficulties makes most 
predictions which are derived from black hole produc- 
tion model dependent. It is therefore desirable to have 
complementary observables which allow to test a specific 
model in a more quantitative way. 

One possible approach that allows for a perturba- 
tive calculation is to consider the much larger num- 
ber of possible couplings between the Kaluza-Klein tow- 
ers in the perturbative gravitation sector of the ADD 
model and the SM. This results for instance in an en- 
hanced gravitational radiation into the extra dimensions 
[IE HE HE HE H3 becoming more and more important 
at higher energies. It also leads to new contributions to 
SM physics due to virtual graviton exchange [E EE E3] • 
Such contributions are mostly undetectable because of 
the much larger SM background. Ideally one is look- 
ing for SM processes that have a very clear experimental 
signal but a very low cross section. Further, those pro- 
cesses should also have some tree-level contributions in 
the ADD model. 

In this paper we suggest to look for the production 
of Z-boson pairs, as it is done for a stabilized Randall- 
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Sundrum scenario in [35| . For the case of the ADD model 
in [12j there is already considered production of a Z-pair 
by graviton exchange for the LEP and the Tevatron on 
the one hand and the decay mode Z — > ff + G on the 
other hand. According to these considerations there are 
obtained constraints for Md below 1 TeV. However, we 
show that ZZ-production at the LHC can lead to con- 
straints for Md far above 1 TeV. 

In the SM the process of ZZ-production is suppressed 
due to the two electroweak couplings and due to the large 
ZZ-production threshold. Another nice feature of this 
process at lowest order in the perturbative expansion is 
that the ADD contribution completely decouples from 
the SM cross section and can be treated separately. 

In the following section we present the prerequisites 
for the effectively quantized gravity calculation in higher 
dimensions. After this we will consider ZZ-production 
in (anti-)proton-proton collisions by graviton exchange 
at tree-level. We will see that at least in case of a D- 
dimensional Planck mass Mo in the TeV region the 
extra dimensional contribution to the SM cross section 
leads to a substantial deviation from the well known ZZ- 
production rate of the SM. 



II. EFFECTIVE QUANTUM FIELD THEORY 
OF GRAVITY IN HIGHER DIMENSIONS 

Let us shortly remind the reader on the effective field 
theory of gravity in extra dimensions given in [Til |3(| . 
Here, a small perturbation Hmn of the metric of flat 
Minkowski space-time tjmn is considered. The complete 
metric guN is then given by 

9mn = Vmn + 2M D 2 h M N ■ (2) 

In the present case of additional dimensions the indices 
M and N run from 1 to D = (3 + d) + 1. Accord- 
ing to this a space-time point is described by a D-tupel 
(t, x, j/4, yd)- The Einstein-Hilbert action according to 
the Einstein equations in D-dimensions reads 

S= l -M D - 2 J d D x^7]R , (3) 

where g describes the determinant of the metric. Using 
the expansion (JS| in © leads to the following Lagrangian 

C h = -\d M d M h + \d R h MN d R h MN 

+d M h MN d N h-d M h MN d R h% . (4) 

The d additional dimensions are assumed to be com- 
pactified to a d-dimensional torus with radii R mean- 
ing that the coordinates belonging to the additional di- 
mensions are periodic with respect to the transformation 



Vj ~~ * Vj + ^TtR,j = 4, ...,d. Thus, the perturbation of 
the metric field can be expressed as 

d OO , f \ i 

h M N(z) = ^ 2^ — 7=^e l * . (5) 

This leads to an effective Lagrangian on the 3+1- 
dimensional submanifold of the following form 

C h = ~d^h + -dph^dPh^ + d^ v d v h 

-d^d p hP-^m 2 (h^h^-h 2 ) . (6) 

The occurring mass of the graviton corresponds to the 
excitations of the gravitational field in the compactified 
dimensions and is related to them according to the equa- 
tion 

- (7, 

By following the path integral quantization procedure 
one is lead to the expression for the graviton propaga- 
tor. The effective mass of the graviton breaks the usual 
gauge invariance of gravitation 

Xp, — > Xp + e p , hp V — > hixv - (dfj,e u + d v ep) , (8) 

and thus the Faddeev-Popov procedure can be omitted. 
The graviton propagator is then 

A (r ll) - [ rf4fc P ^pv( k ) -ik(x-y) (q\ 

^pa[X,y)-J (2?r)4 k 2_ m 2 e . W 

with polarization-tensor 



P^pa{k) = -(v^pVua + VlurVvp) ~ Tj'W' ( 10 ) 

2 2 (j]p P kyk a + Ti^pkykp + Tj v ,pkpk a + T/ ua kpkp) 
12 2 

~\~~Z\ l lu,v H oknku)(f]pff H ^kpka) 

6 m l m z 

By addition of the terms arising from the energy- 
momentum tensor of the matter and interaction fields 
*9j the vertices are obtained. In the limit of a weak grav- 
itational field only the matter and interaction fields of the 
SM fields (assumed to live on the 3+1-dimensional sub- 
manifold) contribute to the energy momentum tensor. It 
is therefore given by 

Tab(z) = rfa&T MV (x)8(y) . (11) 
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III. S-MATRIX AND CROSS SECTION 

In the perturbative approach we use the SM couplings 
y/at e w,strong and the ratio mx/Mfl as smallness param- 
eters, where mx stands for the mass scale in the process 
(in our case essentially the Z-boson). First, the collision 
processes of the partons, the quarks and gluons within 
the proton, have to be regarded. We restrict our analysis 
to processes at tree-level. 

The processes corresponding to the Feynman diagrams 
displayed in figures |T]), @ and © contribute to the 
cross section for the quark anti-quark process of the SM. 
In leading order, there is no contribution from the gluons 
in the SM. Although SM calculations to higher orders in 
perturbation theory are feasible (37|, they are neglected 
here, because one would also have to do higher orders 
in the ADD extension for consistency. However, as the 
ADD extension of the SM is non-renormalizable, those 
higher order calculations would not provide new insight 
or better accuracy. We will therefore limit ourselves to 
tree-level calculations, which are standard and will not be 
shown in detail here. As the parton distribution functions 
are defined in the high energy limit for massless quarks, 
we finally take quark masses to be zero. 



q(p 2 ) z(k 2 ) 




q(pO z(k,) 

FIG. 3: Standard Model contribution due to Higgs boson in 
the s-channel. The quark line q can represent any Standard 
Model quark. 



process where gluons annihilate and produce a graviton 
which couples to two Z-bosons remains at this order of 
perturbative expansion. This process has different exter- 
nal particles than the SM process where only the quarks 
give a contribution to the double Z-boson production 
rate. Thus, the contribution by graviton exchange can 
be regarded separately. At tree-level, the S-Matrix for 
the transition from a gluon pair to a ZZ-pair by media- 
tion of a graviton corresponding to the Feynman graph 
(Figure (g|)) is given by 



q(p 2 ) 



z(ko 



q(pO 



Z(k 2 ) 



FIG. 1: Standard model contribution due to a t-channel quark 
exchange. The quark line q can represent any Standard Model 
quark. 
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FIG. 2: Standard model contribution due to a t-channel quark 
exchange and crossed final momenta k\ and fe. The quark 
line q can represent any Standard Model quark. 

Concerning the contributions through graviton medi- 
ation all processes induced by a quark anti-quark pair 
can be neglected. The probability for the transition of a 
quark anti-quark pair to a ZZ-pair mediated by a single 
graviton S gra viton{q + q —> ZZ) is exactly zero and all 
other processes leading to such a transition and involv- 
ing a graviton are of higher order. Therefore, only the 



Sgraviton (g(kl,9l) + g(k 2 ,g 2 ) ~ * Z(h, Z\) + Z(l 2 , Z 2 )) 



920b 



3 — — ^ g- 

(2tt)2 (2tt)2 Vfei^ 



■(2^) 4 <5 4 (fc 1 + fc 2 -fc) 

(2tt)2 y/T^ (2tt)2 yT^ 



where M P = Mp/V&rr and W^ aP is defined as 



(12) 



\^ v {k{ kq - fci ■ k 2 r] al3 ) + r, a0 k^k v 2 



(13) 



according to the expressions for the vertices found in . 
Note that g\ aa /2f3b an d ^17/25 denote the polarization 
vectors of the gluons and Z-bosons respectively, where 
greek letters denote Lorentz-indices and latin letters as 
indices refer to the internal colour-space of QCD. Further 
k\ and k 2 denote the initial momenta of the gluons and 
Z\ and Z 2 denote the final momenta of the Z-bosons. 
The expression for the S-matrix (|12p can be transformed 
to 



4 



g(k 2 ). 



s, 



graviton 



(27r) 2 v / 2^ioV2fc2o\/2/io>/2/2o 

■Ppupa [W^ S + W^ S ] Z l7 Z 2S 

■5\ P -h-l 2 ) , (14) 

where we have integrated over the first delta-function and 
p defined as p = fa + k 2 . Using the symmetry of Pp Vprj 
in ijl,v and p,a respectively, the expression (| 14[) reads 



g(ki) 




G(k) 




Z(l 2 ) 



zoo 



FIG. 4: ZZ-production due to the annihilation of two gluons 
into a virtual graviton 



eral the differential cross section is related to the squared 
Feynman amplitude \Ai\ 2 by the following expression 



S, 



-u 



gi a 92pW^P^ pa W p ^ s Z l7 Z 2S 



da = 



(27T) 



\M\ 2 EJE 2 - m|sin(0)dQ 



(19) 



■5 4 ( P ~h-l 2 ) 
-i2ir6 4 (p~h-l 2 ) -M 



(15) 



Thus, the expression (jTSJ) has to be squared. The sum- 
mation over the polarization vectors of the Z-bosons and 
the gluons can be performed by using the relations 



where M. denotes the Feynman amplitude. The polar- 
ization vectors are perpendicular to the corresponding 
momentum 



fa^i = , fc 2M 52 = ) hpZ 1 ^ = , l 2fi Z% = 0. 

(16) 

Further the calculation shall be considered in the center 
of mass system meaning that the following relations are 
valid 



E 



7 , z n z t 



(20) 

In order to obtain the total cross section one finally needs 
to integrate over the scattering angle 9. The infinite sum 
over Kaluza-Klein excitations ( J~* l/(s — m 2 )) is treated 
with dimensional regularization [9| . By taking the lowest 
dimensional contribution (c\ — 1 and a — for i ^ 1) 
and by choosing the regularization scale to be on the 
order of the new fundamental mass scale A = Md one 
finds 



fa = — fa , p — , h = —h 



(17) 



Thus, by using (fTTj) and (TT3]) one obtains for the Feynman 
amplitude 



M = 4:A-gi a g 2 p 



--V IMV (k 1 -k 2 )(g 1 -g 2 ) 



+ (ffl-<fc)(W) + (Vfe)<M 

1 1 

■■^—^{llfipPuPcT + VwPpPp + VpaPuPp + VupPpPa) 



1 



3m 2 
1 



VpvPpPv 



3m2 Vp,P P Pa+ 



PpPvPpPa 



-r } <" 7 {h-h){Zx-Z 2 ) + {Z 1 -Z 2 ){l p 1 ll) 



-(h • h)ZiZ 2 ] 



(18) 



r M p^-m'i aild 



With A (27r)» V2fcio V2fcM V2iio V2J 2 

fa ■ k 2 — fci^feg- Note, that the polarisation tensor of 
the graviton is on-shell meaning that p 2 = to 2 . In gen- 



E 



i 



MJ.7T2 



m 2 T(f)M 



(21) 



Other approximations for the sum over the Kaluza Klein 
excitations are given in [TTL l38l . [39l ] . However, in our 
consideration we use equation (|2"Tj) . 
This leads to the cross section 



a(gg -> ZZ) = 



T 2 {±)M%Z{)Tim\ 



(22) 



with 



Z 



13.875s 4 



115.625s 3 m| + 311.0625s 2 to| 



-314.250Jm| + 98m| 



(23) 



This is the inclusive cross section as a function of the 
number of extra dimensions d and the Planck mass Md 
in 4 + rf dimensions. 



IV. RESULTS 

To obtain the cross section for the (anti-)proton-proton 
process one finally integrates over the parton distribution 
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functions denoted by / 

ff(pCfifi)p(tf- 2 ) -» z(h)z(i 2 )) 



100 



E 



C?X9 



dxif t (xi,Q)f j {x 2 ,Q) 
aipifafafa) - Z(h)Z{l 2 )) 



(24) 



where p^ denotes the parton (whether this is a quark or a 
gluon depends on the index i) that is contributing to the 
process, k\ = x\K\, and ki = XiK 2 . The parton distri- 
bution functions (given in [401 ]) are evaluated at a scale of 
Q = VI for the process corresponding to figure (jlj and 
at a scale of Q — mz for the processes corresponding to 
figure {J), figure (O and figure Q. 

In figure ([5]) the inclusive cross section at the Fermi- 
lab energy of 2000 GeV is depicted as a function of the 
fundamental Mass scale Md, (starting from the lowest 
bound allowed by the unitarity constraint [§]). One sees 
that at Md > 2500 GeV graviton mediation according to 
the theory decribed above does not have any observable 
influence on the ZZ rate at Fermilab (4lj . 

The same analysis is shown in figure ^ for pp reac- 
tion at an energy of 14000 GeV being available at LHC. 
Here, the drastic difference between the SM di-Z-boson 
rate and the graviton mediated di-Z-boson rate might al- 
low to observe effects of large extra dimensions even for a 
fundamental scale of Md ~ 18000 GeV. Figure ^ shows 
that at ^/s=14000 GeV, the ADD result dominates the 
SM prediction for small Md -C y/s. This might reflect 
the fact, that the regularization method and the pertur- 
bative field theory approach loose validity in this regime. 
Therefore, it is more reasonable to take the results de- 
picted in figures (O and ([6]) only close to the regime of its 
validity y/s ~ Md- This allows to state from which Md 
on experimental deviations from the SM ZZ rate at LHC 
[42| should be expected. In figure (J7J) the testable pa- 
rameter space is depicted for the LHC and Tevatron ex- 
periments [45J . For experimental observation one would 
have to look for two high energetic and correlated lepton 
pairs in the final state as Z — > . By multiplying the 
total cross section with the branching ratio r\ this cross 
section can be estimated. The branching ratio can be ob- 
tained by taking the ratio of the couplings in the leptonic 
channels to the couplings in all fermionic channels (the 
square appears because both Z-bosons should convert to 
a di-lepton pair). 



(| -sin 2 (g w )) 2 + sin 4 (fl w ) ' 
f sm 4 (9 w ) 



4sin"((V) 



0.01 



(25) 



where 9 

,2 



sin 



w is the Weinberg angle at the Z-scale and 
0.23. 



V. SUMMARY AND DISCUSSION 

Within the ADD model we have calculated the ad- 
ditional contribution to the double Z-boson production 
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FIG. 5: Comparison between the inclusive pp — > ZZ pro- 
duction cross section for the SM [4i§], the Fermilab [4l[ limit 
and the ADD model (d = 3, 4, 5, 6, 7) for y/s = 2000 GeV in 
dependence of Md- 
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FIG. 6: Comparison between the inclusive pp — > ZZ pro- 
duction cross section for the SM [4^] and the ADD model 
(d = 3, 4, 5, 6, 7) for yfs = 14000 GeV in dependence of M D . 



cross section in pp, pp reactions at high energies. The cal- 
culation is done to lowest order in y/a ew , st rong and the ra- 
tio rax /Md- It is found that the standard ZZ- production 
rate would be significantly enhanced compared to the SM 
rate, if the ADD scale would be lower than 15000 GeV 
in case of the LHC, respectively 1700 GeV in case of the 
Tevatron. For the case of seven extra dimensions even 
M D = 18000 GeV could be tested at LHC. 

In consideration of such results we want to remind the 
reader that the magnitude of the ADD contribution |2"2"1) 
directly depends on the chosen regularization scale A in 
equation (f2"Tj) . But a choice of A = Md is natural and 
because of the fact that we only took the lowest dimen- 
sional term of the regularized graviton sum (see i). 

Therefore, if an enhancement above the SM ZZ- 
production rate would be observed at LHC energies, it 
can provide important insights into the possibly higher 
dimensional structure of space-time. 
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FIG. 7: ADD model parameter space accessible (i.e. when 
the additional cross section is at least as big as the SM cross 
section) in the ZZ-channel for the Tevatron and the LHC. 
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